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Yield QTLsDissection of functional genes within the quantitative trait loci (QTLs) controlling maize yield is typically labor
intensive and has placed determinants for further utilization of QTLs to breed maize because of no direct and
simple strategies to identify the genes. Additionally, considerable variance of the QTLs with the environmental
conditions in practice has, for a long time, been less understood at the level of the gene expression. A large-
scale co-localization of 94 QTLs controlling yield and 1433 abiotic stress-responsive genes on chromosomes in
maize together with 74 genes non-responsive to the abiotic stresses as controls was conducted. Consequently,
383 (40.8%) of 938 water deﬁcit-regulated genes, 70 (23.6%) of 296 salt stress-regulated genes and 40 (20%) of
199 Al-toxicity stress-regulated genes were projected on regions of the QTLs, respectively. In conclusion, the
abiotic stress-responsive genes are likely important gene components of maize QTLs and their conditional
expression thereby lead to unstability of the QTLs with changes in environmental conditions. Our results give
informative clues to clone and identify the gene components within the QTLs although some ideas proposed in
this study further require experimental veriﬁcation in future.
© 2014 SAAB. Published by Elsevier B.V. All rights reserved.1. Introduction
Abiotic stresses, such as drought, salt and aluminum(Al) toxicity, are
environmental factors that can cause a great loss of crop productivity
(Valliyodan and Nguyen, 2006). High-yield crops have been the upper-
most breeding objective pursued by all the crop breeders. However,
grain yield of crops is greatly affected by the above-mentioned stresses
(Nelson et al., 2007; Rahman et al., 2011). In crops, grain yield and stress
tolerance are all determined by chromosomal segments, called quanti-
tative trait loci (QTLs) (Austin and Lee, 1998; Ashraf, 2010), which are
very important for formulation of breeding programs of the crops. How-
ever, the QTL-based breeding practice has been hampered (Tuberosa
et al., 2002a, 2002b) in part because it is usually empirical, highly
time-consuming, and cost- and labor-intensive (Ashraf, 2010; Rahman
et al., 2011).
Maize (Zea mays L.) is a major food crop in the world. The QTLs
controlling yield and/or stress tolerance have been found in this croponservation and Utilization of
Daxue Road, Nanning, Guangxi
om (Y.-Z. Li).
should be considered the ﬁrst
hts reserved.(Veldboom and Lee, 1996; Wang et al., 2008, 2009; Marino et al.,
2009; Capelle et al., 2010; Li et al., 2010a; Rahman et al., 2011; Zheng
et al., 2012). The QTLs controlling maize yield could be integrated into
the QTL map commonly used for different maize lines (Wang et al.,
2008; Wang et al., 2009). However, further utilization of the QTLs in
maize breeding still encounters great difﬁculties in part because of no
direct and simple strategies to identify the gene components within
the QTLs because their poisoning chromosomal segments are usually
too large to clone and identify. In this regard, candidate gene
prioritization through different predicative analyses is necessary to
reduce the labor intensity and blindness of gene identiﬁcation
(Masoudi-Nejad et al., 2012). Fortunately, large-scale gene expression
proﬁling analysis makes it possible to discover the genes within the
QTLs (Marino et al., 2009; Fu et al., 2010). As the QTLs in other crops, a
persistent dogma in maize breeding is that the QTLs are inherent and
have strong genetic stability. However, grain yield-controlling QTLs
are variable as the environmental conditions change, and/or even as
difference in their distributions on chromosomes in practice (Vargas
et al., 2006). So far, the reasons for variability in the maize QTLs at the
molecular level have not been elucidated. For a long time, this problem
has also puzzledmaize breeders. One likely reason is that chromosomal
segments harbor genes responsive to environmental stimuli such as
abiotic stresses. In order to conﬁrm this hypothesis and to give a clue
to clone and identify the gene components within the QTLs, in this
232 Q. Wu et al. / South African Journal of Botany 93 (2014) 231–241study, we conducted in silico large-scale co-localization of yield-
controlling QTLs and abiotic stress genes responsive to water deﬁcit
(WD), salt and Al toxicity on the maize chromosomes.2. Materials and methods
2.1. Abiotic stress responsive genes of maize
The abiotic stress responsive genes analyzed were from our oligo-
nucleotide array-based study on gene expression proﬁles of maize
grown under WD, salt and Al toxicity (Li et al., 2009; Qing et al., 2009;
Li et al., 2010a). The genes are presented in Table S1. The genes investi-
gated included 74 genes without response to the abiotic stresses
(Table S2), 938WD responsive genes (Table S3), 296 salt stress respon-
sive genes (Tables S4 and S5) and 199 Al-toxicity responsive genes
(Tables S6 and S7). The sequences of the expressed sequence tags
(ESTs) of the corresponding genes have been published in GenBank da-
tabase under accession number from EC855394 to EC872155. Function-
al descriptions for all the genes could be found in Table S8.0
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Fig. 1. Distribution of abiotic stress (WD, salt and Al toxicity)-responsive genes on short
and long arms of the maize chromosomes. Chr, chromosome; WD, water deﬁcit.2.2. Concerned yield-controlling QTLs of maize
Concerned yield-controllingQTLs ofmaize came from the integrated
map of maize yield-related QTLs derived from the previous literature
(Wang et al., 2009), which comprised 400 maize QTLs collected from
different publications with the IBM2 2008 neighbors as a reference.
2.3. Preparation of MapChart format ﬁles on locations of ESTs and yield
QTLs on chromosomes
The localization of the genes on the chromosomes was based on
their EST sequences. To accomplish co-localization of ESTs and QTLs
on the chromosomes, the ﬁles of chromosomal locations of MapChart
format were made. In brief, localization of the EST sequences to the
maize chromosomes was ﬁrst carried out through sequence homology
alignment against the genome sequence of the maize lineage B73
in MaizeSequence website by using the BlastView programme (http://
www.maizesequence.org/blast) following the criteria of both 1E ≤−5
andmore than 90% identity between the EST sequence and the genome
sequence at a signiﬁcance level of p b 0.05. The information on speciﬁc
location of the EST on chromosome(s)was taken from the top itemwith
the highest score and the lowest E value after homology alignment.
Collection of the chromosomal locations of the ESTs was subsequently
converted into the MapChart format by using the MapChart format
software with the default settings (http://www.biometris.wur.nl/uk/
Software/MapChart/).
For mapping of maize yield QTLs on chromosomes, the sequences of
the genomic boundaries of two ends of QTLs reported in the literature
(Wang et al., 2009) were ﬁrst obtained against the genetic map of
IBM2 2008 neighbors of the Map database from Maize GDB (http://
www.maizegdb.org). With the sequences of the genomic boundaries
of two ends, each QTL was then mapped on the chromosomes of the
maize lineage B73 by using the BlastView programme (http://www.
maizesequence.org/blast) following the criteria of both 1E ≤ −5 and
more than 90% identity with the genome sequence, generating the
physical distance of each QTL on the chromosomes. The data of the
resultant physical distances were then converted into MapChart format
by using the MapChart format software with the default settings.
2.4. Co-localization of ESTs and QTLs on the chromosomes
Co-localization of ESTs and QTLs on the chromosomes was conduct-
ed with the MapChart format data ﬁles as mentioned above by running
the MapChart programme, and then was presented by the integrative
location maps with both ESTs and QTLs.
2.5. Determination of centromere, and short and long arms of chromosomes
To well characterize the distribution of both ESTs and QTLs on chro-
mosomes, the centromere, and short and long arms of chromosomes
were determined by querying maize genome database (http://www.
maizegdb.org/cgi-bin/displaylocusresults.cgi?term=centromere).
2.6. Analysis of credibility of co-localization of ESTs and QTLs on the
chromosomes
To judge the credibility of co-localization of ESTs and QTLs, the
deviation value of the EST away from the QTL was estimated. Brieﬂy,
each chromosomal region covered either by QTL or by EST was simpli-
ﬁed by digitizing to a focal point as a formula of the actual sequence
length divided by 2, where the actual sequence length was length
of the QTL/EST-positioning chromosomal region resulting from our
mapping data. First, the distance (kb) between focal points of the EST
and the QTL was determined, Then, deviation value of the EST
away from the QTL was estimated as a formula: = EST− QTL distance
(kb) / QTL length (kb). If the deviation value was less than 0.5, co-
Table 1
Distribution of the yield-controlling QTLs on maize chromosomes.
Chr No. Trait QTL The number of
the QTL
The total of
QTL
1 Ear length qearl 1 22
Ear diameter qeard 2
Cob diameter qcobd 2
Ear row number qrown 1
Kernel number per row qkrow 3
Kernel weight qkw 7
Grain yield qgyld 6
2 Ear diameter qeard 1 10
Cob diameter qcobd 1
Kernel weight qkw 6
Grain yield qgyld 2
3 Ear diameter qeard 2 10
Kernel weight qkw 3
Grain yield qgyld 5
4 Kernel weight qkw 4 7
Grain yield qgyld 3
5 Ear row number qrown 1 10
Kernel weight qkw 5
Grain yield qgyld 4
6 Ear diameter qeard 1 8
Ear row number qrown 1
Kernel weight qkw 3
Grain yield qgyld 3
7 Ear diameter qeard 2 8
Kernel weight qkw 4
Grain yield qgyld 3
8 Kernel weight qkw 4 6
Grain yield qgyld 2
9 Ear row number qrown 2 9
Kernel weight qkw 6
Grain yield qgyld 1
10 Kernel weight qkw 1 3
Grain yield qgyld 2
Total 94 93
Chr, chromosome; No., number. QTL, quantitative trait locus.
Table 2
The number of the abiotic stress-responsive genes projected on themaize grain yield QTLs
on each maize chromosome.
Chr No. The number of abiotic
stress-responsive genes
Average gene
number
per QTL
WD Salt Al toxicity The total
1 104 16 11 131 5.9
2 43 9 5 57 5.7
3 46 12 0 58 5.8
4 13 3 1 17 2.4
5 32 10 5 47 4.7
6 43 3 9 55 6.9
7 51 5 0 56 7
8 6 4 0 10 1.7
9 35 5 6 46 5
10 10 3 2 15 5
Chr, chromosome; No., number. QTL, quantitative trait locus; WD, water deﬁcit.
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acceptable.
3. Results
3.1. Distribution of abiotic stresses (WD, salt and Al toxicity)-responsive
genes on the maize chromosomes
In order to facilitate presentation, the related genes were represent-
ed by the GenBank accession numbers of the ESTs. To understand the
distribution of abiotic stress responsive genes on the maize chromo-
somes, negative control was designed with 74 genes without response
to the abiotic stresses. Consequently, 35 (47.3%) of 74 genes could be
mapped on the maize chromosomes (Table S2; Fig. S1).
To understand whether distribution of abiotic stress-responsive
genes on chromosomal regions is random or has a distribution prefer-
ence, the number of abiotic stress-responsive genes on short and long
arms of the chromosomeswas ﬁrst counted (Fig. 1). As it ﬁrst appeared,
the gene number was, in most cases, more on long arm than on short
arm (Fig. 1). An extreme case was that no salt- and Al toxicity-
responsive genes were found to distribute on short arms of chromo-
some 7 (Fig. 1).
3.2. Mapping of QTLs controlling yield on maize chromosomes
Of the QTLs concerned by this study (Wang et al., 2009), boundary
sequences of two ends of only 94maize yield QTLs were known, includ-
ing qearl controlling ear length, qeard controlling ear diameter, qcobd
controlling cob diameter, qrown controlling ear row number, qkrow
controlling kernel number per row, qkw controlling kernel weight,
and qgyld controlling grain yield (Table 1). According to boundarysequences, the QTLs were then mapped on maize chromosomes
(Table S8). As a result, 22 (23.4%) of the QTLsweremapped on chromo-
some 1, and only 3 (3.2%) of the QTLs were projected on chromosome
10. TwoQTLs, qkwand qgyld, could bemapped on all 10maize chromo-
somes. Both qearl and qkrow distributed only on chromosome 1
(Table 1).3.3. Co-localization of the genes and QTLs on maize chromosomes
Of the 35 genes which were non-responsive to the abiotic stresses
and mapped on the chromosomes, 14 (40%) could fall within the
regions of the QTLs controlling maize yield (Fig. S1). More than 98% of
co-localization of the analyzed genes and QTLs was acceptable because
deviation value of the EST away from the QTL was less than 0.5
(Table S9).
Whatever the genes, their distributions seemingly preferred the
regions of the QTLs positioning on chromosome 1 (Table 2). There
were 383 (40.8%) WD-responsive genes, 70 (23.6%) salt stress-
responsive genes, and 40 (20%) Al-toxicity stress-responsive genes
(Table 3), which were all projected on regions of the QTLs.3.4. The key chromosomes for WD response
According to the number of abiotic stress-responsive genes andQTLs
that were co-localized, the key chromosomes for WD response were
chromosomes 1, 2, 3, 6 and 7, respectively. There were 104 genes
projected on the QTLs on chromosome 1, accounting for 27.2% of the
WD-responsive genes projected on the QTLs; 51 genes projected on
the QTLs on chromosome 7, accounting for 13.3% of the genes projected
on the QTLs; 46 genes projected on the QTLs on chromosome 3,
accounting for 12% of the genes projected on the QTLs; and 43 genes
projected on the QTLs either on chromosomes 2 or on chromosome 6,
accounting for 11.2% of the genes projected on the QTLs, respectively
(Table 2).3.5. The key chromosomes for salt stress response
For the salt stress response (Table 2), themain chromosomes includ-
ed chromosome 1, which contained 16 genes projected on the QTLs,
accounting for 22.8% of the salt-responsive genes projected on the
QTLs; chromosome 3, which harbored 12 genes projected on the QTLs,
accounting for 17.1% of the salt-responsive genes projected on the
QTLs; chromosome 5, which encompassed 10 genes projected on the
QTLs, accounting for 14.3% of the genes projected on the QTLs; and
chromosome 2, which had 9 genes projected on the QTLs, accounting
for 12.9% of the genes projected on the QTLs.
Table 3
The number of the abiotic stress-responsive genes projected on each maize yield QTL.
Trait QTL Chr No. The total of the QTL QTL No. The number of candidate genes
WD-responsive Salt-responsive Al toxicity-responsive
Ear length qearl 1 1 qearl 1 11 1 2
Ear diameter qeard 1 2 qeard 1 12 1 2
qeard 2 8 0 1
2 1 qeard 3 10 2 0
3 2 qeard 4 12 5 0
qeard 5 16 2 0
6 1 qeard 6 8 2 3
7 2 qeard 7 23 1 0
qeard 8 11 1 0
Cob diameter qcobd 1 2 qcobd 1 5 1 2
qcobd 2 11 0 0
2 1 qcobd 3 5 1 1
Ear row number qrown 1 1 qrown 1 0 0 0
5 1 qrown 2 1 1 1
6 1 qrown 3 3 0 1
9 2 qrown 4 3 0 0
qrown 5 12 3 3
Kernel number per row qkrow 1 3 qkrow 1 4 1 0
qkrow 2 10 1 0
qkrow 3 9 3 0
Kernel weight qkw 1 7 qkw 1 1 1 0
qkw 2 1 1 0
qkw 3 2 3 0
qkw 4 6 0 0
qkw 5 4 0 0
qkw 6 5 0 1
qkw 7 0 0 0
2 6 qkw 8 0 0 0
qkw 9 14 3 0
qkw 10 0 0 0
qkw 11 6 0 0
qkw 12 0 0 0
qkw 13 2 1 2
3 3 qkw 14 0 1 0
qkw 15 2 0 0
qkw 16 3 1 0
Kernel weight qkw 4 4 qkw 29 4 1 0
qkw 41 1 0 0
qkw 42 2 0 1
qkw 43 1 0 0
5 5 qkw 17 2 0 0
qkw 18 1 0 1
qkw 19 9 4 2
qkw 30 1 0 0
qkw 31 1 1 0
6 3 qkw 20 5 0 1
qkw 21 11 0 1
qkw 32 0 0 1
7 3 qkw 22 0 0 0
qkw 34 0 0 0
qkw 35 6 1 0
8 4 qkw 23 0 1 0
qkw 24 2 0 0
qkw 36 1 1 0
qkw 37 0 0 0
9 6 qkw 25 3 0 0
qkw 26 0 0 0
qkw 27 0 0 0
qkw 38 4 0 2
qkw 39 7 0 1
qkw 40 2 1 0
10 1 qkw 28 5 1 2
Grain yield qgyld 1 6 qgyld 1 2 0 2
qgyld 2 2 1 1
qgyld 3 1 1 0
qgyld 4 5 1 0
qgyld 5 4 0 0
qgyld 6 1 0 0
2 2 qgyld 7 1 1 2
qgyld 8 5 1 1
3 5 qgyld 9 2 2 0
qgyld 10 5 1 0
qgyld 11 5 0 0
qgyld 12 1 0 0
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Table 3 (continued)
Trait QTL Chr No. The total of the QTL QTL No. The number of candidate genes
WD-responsive Salt-responsive Al toxicity-responsive
qgyld 13 0 0 0
Grain yield qgyld 4 3 qgyld 14 2 0 0
qgyld 15 3 0 0
qgyld 16 0 2 0
5 4 qgyld 17 11 2 1
qgyld 18 2 0 0
qgyld 19 2 0 0
qgyld 20 2 2 0
6 3 qgyld 22 1 0 0
qgyld 23 15 1 1
qgyld 24 0 0 1
7 3 qgyld 25 0 0 0
qgyld 26 10 2 0
qgyld 27 1 0 0
8 2 qgyld 28 2 0 0
qgyld 29 1 2 0
9 1 qgyld 30 4 1 0
10 2 qgyld 31 3 2 0
qgyld 32 2 0 0
Total 93 383 70 40
Chr, chromosome; No., number. QTL, quantitative trait locus; WD, water deﬁcit.
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The Al-toxicity stress response was mainly directed to chromosome
1,whichwas involved in 11 genes projected on the QTLs, accounting for
27.5% of the Al-toxicity-responsive genes projected on the QTLs; and
chromosome 6 with 9 genes projected on the QTLs, accounting for
22.5% of the genes projected on the QTLs (Table 2). The number of the
genes within the QTLs on each chromosome was presented in Table 3.3.7. Visualization of co-localization of all the abiotic stress-responsive genes
and the QTLs
Co-localization of all the abiotic stress-responsive genes and the
QTLs was visualized by comprehensive maps (Figs. S2, S3, S4, S5 and
S6). A visual impression was that WD-responsive genes seemed to
amass within the QTL-positioning chromosomal regions instead of in-
side other chromosomal regions (Fig. S2). However, such phenomenon
was not very obvious either for salt-responsive genes (Figs. S3 and S4)
or for Al-toxicity-responsive genes (Figs. S5 and S6) probably in part
because the number of the genes was relatively less.3.8. Some interesting genes projected on the QTLs
Some interesting genes were listed in Table 4, including those
encoding kinases/protein kinases (Ligterink and Hirt, 2001; Mishra
et al., 2006; Rudrabhatla et al., 2006), 14-3-3 proteins (Aitken et al.,
1992; Roberts and Bowles, 1999), calmodulin-related protein (Yang
and Poovaiah, 2003), spermidine synthase (Capell et al., 2004; Groppa
et al., 2007),wound responsive proteins, senescence-associated protein,
cold acclimation protein, and tocopherol cyclase (Kanwischer et al.,
2005; Maeda et al., 2006), pathogenesis-related proteins, heat shock
proteins, arsenical pump-driving ATPase (Friso et al., 2010), and DNA
repair protein rad23 and photosystem ii protein k psbk (Iwai et al.,
2010), legumin-like protein (Bernier and Berna, 2001), and casein
kinase (Allada and Meissner, 2005). Among these genes, some have
been experimentally conﬁrmed to function in plant tolerance to the
stresses, such as genes encoding heat shock proteins (Huang and Xu,
2008; Timperio et al., 2008), polyamine (Capell et al., 2004; Groppa
et al., 2007), casein kinase (Allada and Meissner, 2005), tocopherol
cyclase (Kanwischer et al., 2005; Maeda et al., 2006), and arsenical
pump-driving ATPase (Friso et al., 2010).3.9. Genes with a potential effect on maize yield
Some of the genes projected on the QTLs have been well document-
ed to have direct or indirect effects onmaize yield. For examples ofWD-
response genes, they were fructokinase gene (Davies et al., 2005)
projected on qeard 5 on chromosome 3 and to qkw37 on chromosome
8, respectively; calmodulin-related protein gene (Poovaiah et al., 2002)
projected on qgyld 30 on chromosome 9; fructose-6-phosphate,2-ki-
nase/fructose-2,6-bisphosphatase genes (Rung et al., 2004) projected
on qgyld23 on chromosome 6; PsbK protein gene (Iwai et al., 2010),
and aux/IAA family protein gene (Kim et al., 1997; Schruff et al., 2006)
projected on qeard6 on chromosome 6; and histones and ubiquitin
genes (Fu et al., 2010) projected on the QTLs on different chromosomes
(Table 4).
4. Discussion
Linking EST sequences with QTL chromosome mapping makes it
possible to rapidly discover the candidate genes in the QTLs. In fact,
pioneering work has been conducted in Triticeae (Cattivell et al., 2002)
and maize (Marino et al., 2009).
The concept of the candidate genes should correspond to two non-
exclusive situations (de Vienne et al., 1999): (1) the genes can substan-
tially affect the trait's variation; and (2) the gene's position apparently
coincideswith QTLmap. Themapped genes in this studymay be consid-
ered as the candidate gene components within the QTLs.
Certainly, formation of maize yield QTLs results from the gene ex-
pression under speciﬁc environmental conditions, and is therefore
greatly affected by the environmental conditions (Marino et al., 2009;
Wang et al., 2009; Capelle et al., 2010; Li et al., 2010a; Rahman et al.,
2011). Similarly, maize tolerance to abiotic stresses depends on expres-
sion of abiotic stress-responsive genes (Zheng et al., 2004; Jia et al.,
2006; Lu et al., 2011). Taken with our results (Tables 2, 3 and 4), it
could be therefore inferred that it is due to changes of the abiotic
stress-responsive genes in expression that makes maize yield-
controlling QTLs unstable.
Recently, it has been found thatmaize grain yield relates to a consid-
erable number of basal metabolic processes associating with regulation
of expression of numerous genes (Fu et al., 2010). In this study, most of
the abiotic stress-responsive genes projected on the QTLs are function-
ally associated more or less with the mentioned basal metabolic pro-
cesses. The abiotic stress-responsive genes projected on the QTLs may
be roughly divided into two categories related either to plant yield or
Table 4
Functions of part of the abiotic stress-responsive genes projected on the QTLs.
QTL Response to
abiotic stress
Chr No. Genes Accession no. of ESTs of
the genes in GenBank
qcobd 1 Al toxicity 1 Ribosomal protein L7 EC866718
Unknown EC855613
qgyld 1 WD 1 histone h4 EC860937
qgyld 2 WD 1 FHA domain containing
expressed adenylate translocator
EC867570
EC869095
Salt 1 Putative voltage-dependent ion channel EC871651
qgyld 3 Salt 1 Unknown EC855910
qgyld 4 WD 1 Protein kinase family protein EC858609
O-methyltransferase zrp4 EC859671
O-methyltransferase zrp4 EC869110
RNA helicase EC867723
Heat shock protein 70 EC858186
Salt 1 O-methyltransferase ZRP4 EC869110
qgyld 5 WD 1 Nucleotide binding EC869377
Putative DnaJ like protein EC858950
Os09g0487500 EC865396
qeard 1 Al toxicity 1 Unknown EC856815
Uridine kinase-like protein EC860559
qeard 2 Al toxicity 1 Unknown EC868744
qearl 1 Al toxicity 1 Unknown EC856815
Uridine kinase-like protein EC860559
qgyld 6 WD 1 Arsenical pump-driving ATPase EC860833
qkrow 1 WD 1 Histone h4 EC864192
Salt 1 Unknown EC856987
qkrow 2 Salt 1 Putative voltage-dependent ion channel EC871651
qkrow 3 Salt 1 Unknown EC867384
Pre-mRNA processing factor EC868710
Unknown EC861958
qkw 1 WD 1 Component of oligomeric golgi EC865976
FHA domain containing expressed EC867570
qkw 6 WD 1 60s ribosomal protein l24 EC860146
Hypothetical protein EC869228
DnaJ-related protein ZMDJ1 EC857274
Al toxicity 1 Unknown EC868744
qcobd 3 Al toxicity 2 Putative uroporphyrinogen decarboxylase EC864855
qeard 3 Al toxicity 2 Putative uroporphyrinogen decarboxylase EC864855
qgyld 7 WD 2 Protein EC861430
Salt 2 Ring zinc ﬁnger protein-like EC857663
Al toxicity 2 Unknown EC871203
qgyld 8 Salt 2 Unknown EC862708
Al toxicity 2 Putative uroporphyrinogen decarboxylase EC864855
qkw 9 WD 2 Nucleobase ascorbate transporter EC866149
Small nuclear ribonucleoprotein d2 EC859699
Hypothetical protein EC862485
FHA domain containing expressed EC867570
Enhancer of rudimentary EC867638
14-3-3-like protein EC862510
Plastid-lipid-associated protein 2 EC870315
cbl-interacting protein kinase 23 EC871460
Light-inducible protein cprf-2 EC865951
Salt Unknown EC866258
Unknown EC862413
Trypsin inhibitor EC867879
Al toxicity 2 Eukaryotic translation initiation factor 4B EC866177
qkw 13 Al toxicity 2 os09g0482400 protein EC867394
Unknown EC871203
qgyld 9 WD 3 os01g0175000 protein EC858048
Hypothetical protein OSJNBa0089K24.5 EC861695
Salt 3 Putative p68 RNA helicase EC871774
Putative lysophospholipase EC871154
qeard 4 WD 3 Hypothetical protein EC864030
Transcription factor EC863609
asr2 EC862969
chl-cpn10 EC870441
Adenylate kinase EC858488
phd-ﬁnger family homeodomain protein EC861587
Legumin-like protein EC860774
Legumin-like protein EC870147
glyOxysomal malate dehydrogenase EC859792
50s ribosomal protein l 14 EC866568
Salt ATP citrate lyase a-subunit EC857173
Ring zinc ﬁnger protein-like EC857663
Unknown EC862461
Unknown EC858714
Unknown EC870212
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Table 4 (continued)
QTL Response to
abiotic stress
Chr No. Genes Accession no. of ESTs of
the genes in GenBank
qeard 5 WD 3 Adenosine kinase EC866717
Adenosine kinase EC857243
60s ribosomal protein l5 EC859369
Fructokinase EC862399
Cytochrome c EC860941
Deoxyguanosine kinase EC860546
lstk-1-like kinase EC866064
Serine threonine protein EC857584
Acyltransferase EC857603
Histone EC862483
qeard 5 WD 3 Protein kinase EC857742
4-Diphosphocytidyl-2-c-methyl-d-erythritol kinase EC865263
Salt 3 Putative dynamin like protein 2a EC864570
Unknown EC859832
qgyld 9 Salt 3 Putative p68 RNA helicase EC871774
Putative lysophospholipase EC871154
qgyld 10 Salt 3 Putative dynamin like protein 2a EC864570
qgyld 11 WD 3 Protein kinase EC857742
4-Diphosphocytidyl-2-c-methyl-d-erythritol kinase EC865263
f1f0-atpase inhibitor protein EC857809
type 1 kh domain-containing protein EC862884
Salt 3 unknown EC859832
qkw 14 Salt 3 unknown EC857677
qkw 15 WD 3 arsenical pump-driving ATPase EC860833
cytochrome c oxidase polypeptide EC863836
protein kinase EC857742
qkw 16 Salt 3 Unknown EC859832
qgyld 14 4 Histone EC862483
Histone EC858435
qgyld 15 WD 4 abc transporter family protein EC866895
Casein kinase EC870352
Cation transport protein chac EC871506
qgyld 16 salt 4 Nuclear pore protein 84/107 EC866720
Patatin-like protein EC865011
qkw29 WD 4 Glyceraldehyde-3-phosphate dehydrogenase EC865547
skp1-like protein EC859315
Photosystem ii protein k psbk EC856322
Salt 4 Unknown EC856322
qkw 41 WD 4 Retinoblastoma-related protein EC861923
qkw 42 Al toxicity 4 Unknown EC856442
qkw 18 Al toxicity 5 Putative beta proteasome subunit EC868536
qkw 19 Salt 5 Unknown EC855843
Unknown EC855414
Putative 26S proteasome subunit RPN9b EC866181
os09g0508900 protein EC870555
Al toxicity 5 60S ribosomal protein L27 EC864487
Unknown EC866486
qkw 31 Salt 5 Unknown EC863945
qkw 35 Salt 5 Unknown EC858464
qgyld 17 WD 5 cdpk-related protein kinase EC861555
Physical impedance induced protein2 EC859983
DNA binding protein EC861225
Skip interacting protein 9 EC857409
Pyrophosphate-dependent phosphofructokinase alpha subunit EC867369
Metal-dependent hydrolase-like protein EC865366
RNA-binding protein EC868484
Tocopherol cyclase EC871278
vhs and gat domain protein EC865654
salt class I acidic chitinase EC866429
Unknown EC861522
Unknown EC871358
Al toxicity 5 Unknown EC860731
qgyld 18 WD 5 Actin EC858264
qgyld 19 WD 5 Inorganic pyrophosphatase EC860684
qgyld 20 WD 5 Serine threonine protein EC857584
Salt 5 Unknown EC868719
Unknown EC868029
qrown 2 Salt 5 Unknown EC856322
Al toxicity 5 Glycosyl hydrolase family protein EC866290
qgyld 23 WD 6 Ubiquitin conjugating enzyme 2 EC868241
Elongin c EC869235
Elongin c EC856800
Elongin c EC869235
nhl repeat-containing protein EC866155
DNA repair protein rad23 EC865176
(continued on next page)
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Table 4 (continued)
QTL Response to
abiotic stress
Chr No. Genes Accession no. of ESTs of
the genes in GenBank
rad23 protein EC856880
Nitrate-induced noi protein EC869935
Anthocyanidin 3-o-glucosyltransferase EC864931
RNA-binding protein EC868484
Pollen-speciﬁc protein ntp303 precursor EC865695
60s ribosomal protein l23a EC864014
Proton translocating pyrophosphatase EC866653
Fructose-6-phosphate-2-kinase fructose-bisphosphatase EC863437
Fructose-6-phosphate-2-kinase fructose-bisphosphatase EC862591
Salt 6 Unknown EC856555
Al toxicity 6 Unknown EC858793
qgyld 24 Al toxicity 6 Ubiquitin conjugating enzyme isoform EC872076
Unknown EC863047
qeard 6 WD 6 Auxin-responsive aux iaa family protein EC861769
Choline kinase EC866071
60s ribosomal protein l18a EC869240
Arsenical pump-driving ATPase EC860833
Cold acclimation protein cor413-tm1 EC864390
Pathogenesis-related protein homolog EC869569
Salt 6 Putative GTP-binding protein Rab7a EC861728
Unknown EC858943
Al toxicity 6 Unknown EC863319
Putative chlorophyll a/b-binding protein EC869280
Unknown EC859974
qkw20 WD 6 Proﬁlin 2 EC860768
wd40 repeat compass complex protein EC857334
14-3-3-like protein EC855931
14-3-3-like protein EC855773
Galactosyltransferase family protein EC865247
Al toxicity 6 Unknown EC858469
qkw 21 Al toxicity 6 Unknown EC858793
qkw 32 Al toxicity 6 Ubiquitin conjugating enzyme isoform EC872076
Unknown EC863047
qrown 3 Al toxicity 6 Unknown EC858228
qgerd 7 Al toxicity 7 os09g0482400 protein EC867394
qgyld 26 WD 7 Ubiquitin conjugating enzyme 2 EC868241
Senescence-associated protein dh EC856903
Histone EC862483
Histone EC862345
Histone h4 EC864192
Histone EC860937
Salt 7 Unknown EC858879
Senescence-associated protein DH EC856903
kw 35 WD 7 60s ribosomal protein l18a EC869240
Autoinhibited calcium atpase EC865361
Vacuolar ATP synthase subunit f EC865780
Actin EC867446
qeard 7 WD 7 Autoinhibited calcium ATPase EC865361
pti1-like kinase EC856482
Bromodomain protein EC861096
Pectinesterase inhibitor domain containing protein EC870319
Membrane protein EC865036
RNA-binding protein EC868484
Elongation factor 1 alpha EC869350
Transcription initiation factor iib EC866884
Wound responsive protein EC866658
Wound responsive protein EC858873
Histone h4 EC864192
nep1-interacting protein 2 EC864045
nhp2-like protein 1 EC867235
Nucleobase ascorbate transporter EC866149
Membrane protein EC865036
Zinc ﬁnger EC867837
Pre-rrna-processing protein EC863723
Histone EC865234
Histone h2a EC857081
Salt 7 Unknown EC857206
Al toxicity 7 os09g0482400 protein EC867394
qeard 8 Salt 7 Heterogeneous nuclear ribonucleoprotein EC864759
qgyld 28 WD 8 Abscisic insensitive 1b EC864392
rho gdp-dissociation inhibitor 1 EC857613
qgyld 29 WD 8 Magnesium transporter EC866854
Salt 8 Putative dynamin like protein 2a EC864570
Unknown EC867023
qkw 23 Salt 8 Unknown EC856555
qkw 24 WD 8 Spermidine synthase EC861372
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Table 4 (continued)
QTL Response to
abiotic stress
Chr No. Genes Accession no. of ESTs of
the genes in GenBank
qkw 36 WD 8 Magnesium transporter EC866854
Salt 8 Putative dynamin like protein 2a EC864570
qkw 37 WD 8 Rhomboid family protein EC864814
Fructokinase EC862399
s-receptor kinase EC856561
qgyld 30 WD 9 Serine carboxypeptidase family expressed EC870405
iq calmodulin-binding motif EC868618
O-methyltransferase zrp4 EC859671
Salt 9 Putative small nuclear ribonucleoprotein E EC860420
qkw 25 WD 9 Proton translocating pyrophosphatase EC866653
Zinc-binding dehydrogenase familyexpressed EC856650
Homogentisate phytyltransferase vte2-2 EC858764
qkw 38 Al toxicity 9 Putative polyprotein EC866315
Elongation factor 1-alpha EC862222
qkw 39 Al toxicity 9 Putative WD-40 repeat protein EC864025
qkw 40 Salt 9 Unknown EC859959
qrown 4 WD 9 RNA-binding protein cabeza EC859107
60s ribosomal protein l39 EC856848
qrown 5 Salt 9 Putative heat shock protein EC857030
Unknown EC856452
Elongation factor 1-alpha EC862222
Al toxicity 9 Phosphoenolpyruvate carboxylase EC871022
Unknown EC868430
Unknown EC858793
qgyld 31 WD 10 ATP sulfurylase EC859788
ac084380_17 heat shock protein EC857030
14-3-3-like protein EC862510
Salt 10 Chloride channel EC858133
Putative heat shock protein EC857030
qgyld 32 10 arf1-binding protein EC858736
Small nuclear ribonucleoprotein d2 EC859699
qkw 28 WD 10 60s ribosomal protein l7 EC859556
60s ribosomal protein l7-1 EC866242
Serine threonine protein kinase EC862128
40s ribosomal protein EC863518
Salt 10 Unknown EC861519
Al toxicity 10 os04g0605900 protein EC859556
60S ribosomal protein L27 EC864487
Chr, chromosome; ESTs, expressed sequence tags; No., number. QTL, quantitative trait loci; WD, water deﬁcit.
239Q. Wu et al. / South African Journal of Botany 93 (2014) 231–241to plant quality. Genes related to plant yield, for example, included those
encoding auxin, protein kinases, heat shock proteins, zinc ﬁnger proteins
and senescence-related proteins (Swamy et al., 2011), and 2-kinase/
fructose-2,6-bisphosphatases (Rung et al., 2004), fructokinase S (Davies
et al., 2005), ABA (Dias et al., 2011), IAA/auxin (Kim et al., 2012), and
ribosomal protein (Li et al., 2012). Genes related to plant quality but
not to plant yield, for example, included O-methyltransferase genes
which are associated with the digestibility of maize silage (Brenner
et al., 2010), and ribosomal protein genes that are closely linked to
maize grain quality (Motto et al., 2011). All these results, taken together,
indicated that genes and/ormetabolic processes controlling yield, quality
and sensitivity to abiotic stress tolerance would be more or less over-
lapping in maize, and further implied that breeding maize with a poly-
meric trait of both high yield and strong stress tolerance will meet a
great challenge.
When compared to other chromosomes, chromosome 1 contained
more QTLs and candidate stress-responsive genes, and chromosome
10had the fewestQTLs (Table 1) but possessed anaverage genenumber
not less than that in the QTLs on chromosomes 1, 2, 3 and 6 (Table 2).
This may partly explain why chromosomes 1 and 10 have a signiﬁcant
yield QTL–environment interaction (Vargas et al., 2006).
In eukaryotes, gene expression shows obvious differences between
chromosomes and even between different regions of the same chromo-
some (Spellman and Rubin, 2002; Levesque and Raj, 2013). Notably, ex-
cept ear length, other traits are controlled by multiple QTLs positioned
on the different chromosomes. Somegenes could be projected on differ-
ent QTLs (Table 1; Figs. S2, S3, S4, S5 and S6). Such patterns ofdistribution for the genes and the QTLs at least mean that the formation
of maize yield traits results from QTL × QTL × environmental factors.
Therefore, a careful recommendation here is that the breeders should
not deﬁne or utilize the QTLs in the preconceived idea of stable
hereditability.
Although the abiotic stress-responsive genes could be projected on
regions of the maize yield-controlling QTLs, it does not mean that the
genes must necessarily be the backbone of the functional genes within
the yield QTLs. This is because QTLs will be reﬁned by further research,
where chromosome segments that the QTLs are positioning on will be
further shortened, consequently causing some genes to be removed
from the QTL.
For the rate of the genes projected on the QTLs, abiotic stress-
responsive genes (Tables S3, S4, S5, S6 and S7) did not differ greatly
from the genes without response to the abiotic stresses (Table S1),
giving an indication of random distribution within the QTLs. How-
ever, the WD-responsive genes are relatively concentrated in the
QTL-positioning chromosomal regions, distributing like clusters as
they ﬁrst appeared (Fig. S2), implying that they are closer to
maize grain yield than other abiotic stress-responsive genes likely
because maize has relative high water requirements (Payero et al.,
2009).
Obviously, not all the genes projected to the same QTLs were homo-
logous or belonged to the same gene family. Such gene cluster-like dis-
tribution is likely required for co-regulation of gene expression to
synthesize certain compounds necessary to tolerate the stresses (Field
et al., 2011).
240 Q. Wu et al. / South African Journal of Botany 93 (2014) 231–241It is noteworthy that there were a handful of genes that were
mapped on centromere regions of some chromosomes (Figs. S2, S3,
S4, S5, and S6), showing difﬁculty in control of segregation of these
genes during mitosis and meiosis because centromere regions usually
undergo unequal exchange at a high frequency between sister centro-
meres (Talbert and Henikoff, 2010).
In conclusion, the abiotic stress-responsive genes are important
gene components of maize QTLs and thereby lead to unstability of the
QTls with changes in environmental conditions. Our results also at
least give a clue to clone and identify the gene components within the
QTLs although some ideas proposed in this study further require
experimental veriﬁcation in future.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.sajb.2014.03.020.
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